Purpose Mechanical thrombectomy (MT) is an effective treatment for patients suffering from acute ischemic stroke. However, recanalization fails in about 16.5% of interventions. We report our experience with unsuccessful MT and analyze technical reasons plus patient-related parameters for failure. Methods Five hundred ninety-six patients with acute ischemic stroke in the anterior circulation and intention to perform MT with an aspiration catheter and/or stent retriever were analyzed. Failure was defined as 0, 1, or 2a on the mTICI scale. Patients with failing MT were analyzed for interventional progress and compared to patients with successful intervention, whereby parameters included demographics, medical history, stroke presentation, and treatment.
Introduction
Background Mechanical thrombectomy (MT) is a therapeutic option for patients with acute ischemic stroke; it became more important in recent years due to several randomized controlled trials proving better therapeutic outcome compared to intravenous tissue-type plasminogen activator for intravenous thrombolysis (IVT) alone [1] [2] [3] [4] [5] .
Literature reports success rates of about 83%, whereas 17% of the interventions are not successful [6] . We report our experience with unsuccessful endovascular treatment and analyze technical reasons for failure as well as patient-related parameters, especially medical history.
In our retrospective single-center study, we investigated all treatment protocols of failing interventions and screened those patients for associated pre-existing illness and medication. There are many possible reasons for failure, from unsuccessful vascular access to distal embolization, which are described in recent literature [7, 8] .
Elevation of recanalization rates is an important step for improved stroke therapy and better patient outcome [9, 10] .
Material and methods

Methods and study design
In a retrospective single-center study, 596 patients with acute ischemic stroke of the anterior circulation (internal carotid artery, middle cerebral artery) were analyzed; they underwent MT with an aspiration catheter and/or stent retriever systems at the neurovascular center of a German university hospital from January 2014 to October 2018. At our center, MT is delivered 24/7 by 5 experienced neurointerventionalists. The study included all patients with intention to perform interventional thrombolysis in order to analyze any occurring circumstances leading to unsuccessful recanalization.
In our study, failure was defined as 0, 1, or 2a on the mTICI scale. The mTICI scale is a well investigated angiographic score for measuring recanalization success [11] . Figure 1 provides an overview of the selection process.
First, treatment protocols of unsuccessful MTs were investigated to find out the specific reasons of failure. Next, they were analyzed for interventional progress in order to identify the exact step when MT had failed.
Patients were analyzed for demographics, medical history including long-term medication, localization of the occlusion, severity of symptoms measured by the NIHSS [12] , initial blood laboratory, and acute therapy. In addition, elapsed time from symptom onset to IVT and to interventional treatment were recorded, as well as intervention duration.
Additionally, patients with unsuccessful recanalization are divided into two subgroups, as indicated in Fig. 1 .
Group A: Patients with technical-mechanical reasons for failure (occlusion site cannot be passed with device). Group B: Patients with other reasons for failure (occlusion site can be passed but vessel cannot be completely recanalized).
The failing group in total and the two subgroups A and B were compared to a randomly selected group of 100 patients who underwent successful MT (mTICI 2b, 2c, and 3) in the same period at our center.
Data was recorded from treatment protocols, the angiographic system, and medical reports at discharge. Clinical data, especially examination results at discharge or later, was not collected at any time, since our study focused on angiographic parameters.
Statistics
Absolute and relative frequencies are given for categorical data, median and IQR, or mean and SD for metric variables, as indicated. Comparisons of the group of successful interventions with the group of failing interventions and subgroups A and B were made using the Wilcoxon Mann-Whitney U test for quantitative variables and with the Fisher's exact test and X 2 test for qualitative variables, as appropriate. Significant lever was set at 5%, with a p value ≤ 0.05 considered as significant.
Statistical analysis was performed with SPSS, Version 25.0 (IBM Corporation, Armonk, New York, USA). 
MT for acute ischemic stroke in anterior circulaƟon
Intervention procedure
MT was performed immediately after CT and CT angiography imaging under the following conditions: (1) acute ischemic stroke with NIHSS > 3 or severe isolated neurological deficit (aphasia, hemianopsia, isolated paresis of one limb), (2) large vessel occlusion with corresponding neurological deficits, (3) exclusion of hemorrhage, and (4) absence of any other individual contraindications for thrombectomy.
All the interventions were performed under general anesthesia and endotracheal intubation on a biplane angiography unit (Siemens Axiom Artis, Siemens Healthcare, Erlangen, Germany). The institution standard for occlusion of the anterior circulation consists of femoral approach with a 6F sheath (Cook Group Inc., Bloomington, Indiana, USA), which is placed as distal as possible in the internal carotid artery. Radial vessel access is very rare (1 of 100 in the failing group), and direct carotid puncture is currently not performed at our center. After microwire-assisted placement of the microcatheter, the microwire was exchanged for a thrombectomy device, and a stent retriever was deployed in the occluded vessel distal of the target lesion. Stent-retriever thrombectomy was executed with manual aspiration. If the intervention failed, another run was performed and/or material was changed. The mean number of maneuvers in total was 2.9 ± 2.0 (mean ± SD), maximum 9.
In some cases, especially proximal occlusions of large vessels, aspiration-first thrombectomy was carried out, while in other cases, a microcatheter was not used due to access difficulties. The choice of method and materials was made by the neurointerventionalist as well as the decision to terminate the procedure and to perform a rescue technique as permanent stenting or intraarterial tissue plasminogen activator. At the end of the intervention, post-interventional, the mTICI scale score was recorded.
Results
Between January 2014 and October 2018, 100 of the 596 (16.8%) interventions failed according to our definition: 49 patients had a post-interventional mTICI scale score of 0, 18 had an mTICI scale score of 1, and 33 had an mTICI scale score of 2a. Table 1 gives an overview of failing interventions during the years 2014 until 2018.
Demographic data
As shown in Table 2 , there was no significant difference in age or sex. The median age was 73.4 ± 12.8 years in the successful group and 71.1 ± 12.9 in the failing group. In subgroup B, patients seem to be slightly younger (70.1 ± 13.3 years), without the difference being significant. A small female predominance (n = 60; 60.0%) can be observed in the successful group, while all the other groups are almost equal in sex distribution (45.0-55.0%).
Interventional progress and material
Intervention was divided into 6 steps, as shown in Fig. 2 .
In 20 of the 100 patients, it was not possible to reach and/or pass the occlusive lesion (steps 1-3 in Fig. 2 , technicalmechanical reasons for failure). Most of them had elongation (9/20, 45.0%) or stenosis (6/20; 30.0%), which could not be passed with the endovascular device. In 2 cases (10.0%), femoral puncture was not possible, and in 1 case (5.0%), a carotid dissection was the reason for stroke symptoms. Thrombus passage with a microcatheter or microwire was not possible in 2 cases (10.0%). These 20 patients form group A, following the subgroups' definition above.
In 80 of the 100 patients, the occluded site could be reached and/or passed, but the vessel could not be recanalized successfully (steps 4-6 in Fig. 2 , true stent retriever failure). Those 80 patients form group B for the subgroup analysis. In most cases, peripheral ramifications remained occluded after the intervention (40/80, 50.0%) or no clot material could be removed at all (25/80, 31.3%). Ten patients suffered from a re-occlusion, 6 (7.5%) at the same site and 4 (5.0%) more proximal at a stent in the carotid artery that was placed due to a tandem lesion. Subarachnoid hemorrhage (3/80, 3.8%) and iatrogenic dissection (1/80, 1.3%) leading to premature termination are rare. In 1 case (1.3%), intervention was terminated for a high-risk profile (distal occlusion and difficult vascular anatomy with high risk of vessel perforation).
During the study period from January 2014 to October 2018, several types of stent retrievers and catheter systems were used in the group of failing interventions: 104 stent retrievers, including 60 Solitaires ( Evaluation of the 100 failing interventions produces the following results: In 21 cases, no maneuver at all was possible, for example, due to access problems. In 7 , a stent retrieveralone maneuver and in 6 cases an aspiration-alone maneuver was performed, while in the 66 remaining cases, a combination of aspiration and stent retriever withdrawal was conducted. In 9 cases, an aspiration catheter was changed during the intervention; in 29 cases, a change of stent retriever was conducted, and in one case, a stent retriever was changed twice. In 19 patients, balloon angioplasty was performed during the intervention; in 14, a stent was implanted.
Comparisons of medical history include long-term medication, localization of the occlusion, severity of symptoms, initial blood laboratory, and acute therapy
All the characteristics of failing and successful intervention groups are given in Table 3 .
In our study, IVT before intervention is associated with recanalization success. In the successful group (SG), 51.5% of all patients were treated with intravenous tissue plasminogen activator, while in the failure group (FG), only 35.0% received this medication (p = 0.032). Furthermore, there was a statistical correlation between the long-term intake of nitrates and a successful intervention (SG = 8.0% vs. FG = 1.0%; p = 0.035).
Intervention duration was significant longer in failing interventions (SG = 23 (14-36) min vs. FG = 50 (36-90) min; p = 0.000).
Regarding coagulation therapy with coumarins or direct oral anticoagulants, no significant difference was found in any of the groups. Time factors related to symptom onset, to IVT, and to intervention do not seem to play a role in the success of recanalization. Laboratory parameters for inflammatory response and coagulation were comparable in all groups (see Table 2 ).
Subgroup analysis
In addition to the results given for the total failing group, there are interesting findings for the two subgroups: 
100%
Step and proporƟon of all failing intervenƟons are given in the labeling, e.g. "2.1; 9": 9% of all failing intervenƟons failed in step 2.1. Compared to the successful group, in group A (A) there is a strong association between failing intervention and PAOD (SG = 4.0% vs. A = 20.0%; p = 0.026) as well as the intake of acetylsalicylic acid (SG = 21.0% vs. A = 45.0%; p = 0.044). In group A, lesions are significantly more often located in the internal carotid artery (SG = 40.0% vs. A = 65.0%; p = 0.050) and more rarely in the middle cerebral artery, segment M1 (SG = 49.0% vs. A = 15.0%; p = 0.006).
In group B (B), atrial fibrillation (AF) is associated with recanalization success (SG = 52.0% vs. B = 36.3%; p = 0.037), whereas coagulation disorders are associated with poor results (SG = 1.0% vs. B = 7.5%; p = 0.046). Coagulation disorders particularly were defined as heterozygous (1 patient in B) and homozygous G20210A mutation (0 patients), antiphospholipid syndrome (2 patients, 1 in SG and 1 in B), factor V Leiden mutation (2 patients in B), protein c/s deficiency (1 patient in B), thrombotic thrombocytopenic purpura (0 patients), or paraneoplastic coagulation disorder (1 patient in B).
Discussion
Several retrospective investigations concerning failing thrombectomy were published in recent months [13, 14] . In our study, we were able to detect success rates of 83.2% at our center. We analyzed interventions from 2014 to 2018. In this period, major improvements of material and methods were made [15] . We found a peak of failing interventions in the year 2015 with many recanalization results of mTICI 2a. When having a second look at the angiographic reports, no reason therefore could be found, especially no discrepancies in material or interventionalist. In 2014 and from 2016 to 2018, the success rate at our center is in the range of 83-86%. Recent literature comes to similar success rates of around 80-89% [6, 16] , while older reviews indicate success rates of 80% [17] .
A major problem when comparing different studies is the heterogeneous definition of success. In particular, a reperfusion result of mTICI 2a is sometimes regarded as success, sometimes as failure [6, 13, 14, 18, 19] .
In 20% of the failing interventions, the thrombus could not be reached or passed with the device while in 80% recanalization failed due to other reasons. Literature reports similar data [13] . For patients failing due to mechanical reasons, direct carotid puncture or surgical vascular access, which is currently not performed at our center, could be a therapeutic option in certain cases. Direct carotid puncture is a high-risk procedure, but recent literature reports successful recanalization in 8/11 reported cases, where a femoral approach had failed [20] . Further options for access problems, e.g., neck extension to stretch tortuous or elongated vessels should be investigated in upcoming studies [21] .
In addition to procedural aspects, we analyzed patients' medical history. IVT is associated with improved recanalization rates. This can be explained by the pharmacologic mechanism: the clot is dissolved from the outer edge and can therefore be accessed by the mechanical device easier [22] . Another explanation could be, that small fragments of the initial thrombus are dissolved during the intervention and do not occlude distal branches. Several other studies come to similar findings when comparing patients with and without Heterozygous and homozygous G20210A-mutation, antiphospholipid syndrome, factor V Leiden mutation, protein c/s-deficiency, thrombotic thrombocytopenic purpura, paraneoplastic coagulation disorder. No significant difference in any of the subcategories IVT for recanalization success, as shown in a recent review by Pan et al. [23] . It was to be expected that vascular diseases such as PAOD influence MT in a negative way. Coagulation disorders also are a challenge for interventional treatment, especially because of a high rate of re-occlusion during the intervention. We were able to prove a significant correlation between PAOD and failing intervention, as well as between coagulation disorders and unsuccessful thrombectomy.
In the group of patients where thrombus could be reached but the vessel remained occluded, AF is significantly less frequent. Recent literature also shows inconclusive findings concerning this aspect [24] . There are studies and histological analysis that come to a similar result [25, 26] , while other investigations indicate the opposite: cardiogenic thrombi seem to have a higher proportion of fibrin compared to other stroke etiologies, associated with worse interventional recanalization rates [27] [28] [29] . More studies on thrombus etiology and thrombus composition must be performed.
It is not clear why there is a strong association of intake of NO donors and reperfusion success. Recent studies investigated NO donors as symptomatic treatment for acute ischemic stroke, but not as a medication to improve recanalization success [30] . Further studies are required to find out whether the result is an artifact or not.
There was no difference in any kind of anticoagulation therapy with coumarins, NOAC, or heparins regarding recanalization success. This is of special interest since many future patients will take NOACs instead of coumarins and we do not know the effects of NOACs on thrombus characteristics.
In the subgroup of failing interventions, where target lesion could be reached with the device, techniques should be improved, and new material should be developed. For example, recent studies suggest a proximal balloon occlusion during stent retriever withdrawal to protect the distal vessel from thrombus fragments that have sheared off [31] . As a rescue therapy, permanent stenting or intraarterial thrombolysis as well as administration of tirofiban are options worth considering [32] [33] [34] . In certain cases, creativity on the part of the interventionalist can lead to success: there are case reports of dual-use of stent retrievers for refractory clots involving vessels' bifurcation [35] . In general, more evidence for the question of how to treat patients with failing thrombectomy is required.
Since all patients in both groups were under general anesthesia during the intervention and we investigated the recanalization itself, we did not analyze anesthesiologic medication or blood pressure during the intervention. In literature, there is evidence for anesthesiologic management influencing outcome, but not recanalization results [36] [37] [38] [39] .
Limitation
It should be noted that only angiographic data and no clinical parameters concerning patient outcome were collected.
Nevertheless, there is a strong correlation between successful reperfusion and patients' outcome, as shown in recent literature [9, 10, 19, 40] . The study cohort is the same size as in other comparable studies. Another limitation is the retrospective study design.
Conclusion
There are two main reasons for failing MT:
Major problems of failing thrombectomy, on the one hand, include a difficult vascular situation affecting interventional treatment in 20% of all failing interventions. The target lesion cannot be reached and/or passed with the device. Especially in those patients, PAOD is a common previous disease.
In the other 80% of all failing interventions, thrombus can be passed with the device, but the occluded vessel cannot be recanalized. Coagulation disorders are associated with poor results, whereas atrial fibrillation, intake of NO donators, and administration of intravenous thrombolysis are associated with higher recanalization rates.
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